It is now well established that many of the technologically important properties of two-dimensional (2D) materials, such as the extremely high carrier mobility in graphene 1 and the large direct band gaps in MoS 2 monolayers 2 , arise from quantum confinement. However, the influence of reduced dimensions on electron-phonon (e-ph) coupling and its attendant dephasing e ects in such systems has remained unclear. Although phonon confinement [3] [4] [5] [6] [7] is expected to produce a suppression of e-ph interactions in 2D systems with rigid boundary conditions 6, 7 , experimental verification of this has remained elusive 8 . Here, we show that the e-ph interaction is, indeed, modified by a phonon dimensionality crossover in layered Nb 3 SiTe 6 atomic crystals. When the thickness of the Nb 3 SiTe 6 crystals is reduced below a few unit cells, we observe an unexpected enhancement of the weak-antilocalization signature in magnetotransport. This finding strongly supports the theoretically predicted suppression of e-ph interactions caused by quantum confinement of phonons.
It is now well established that many of the technologically important properties of two-dimensional (2D) materials, such as the extremely high carrier mobility in graphene 1 and the large direct band gaps in MoS 2 monolayers 2 , arise from quantum confinement. However, the influence of reduced dimensions on electron-phonon (e-ph) coupling and its attendant dephasing e ects in such systems has remained unclear. Although phonon confinement [3] [4] [5] [6] [7] is expected to produce a suppression of e-ph interactions in 2D systems with rigid boundary conditions 6, 7 , experimental verification of this has remained elusive 8 . Here, we show that the e-ph interaction is, indeed, modified by a phonon dimensionality crossover in layered Nb 3 SiTe 6 atomic crystals. When the thickness of the Nb 3 SiTe 6 crystals is reduced below a few unit cells, we observe an unexpected enhancement of the weak-antilocalization signature in magnetotransport. This finding strongly supports the theoretically predicted suppression of e-ph interactions caused by quantum confinement of phonons.
Electron-phonon (e-ph) interactions in reduced dimensions have attracted wide interest for decades 8, 9 . Confinement quantization of the phonon spectra 10, 11 has been predicted to enhance e-ph interactions in free-standing 2D films [3] [4] [5] [6] . In contrast, a gap is expected to open in the phonon spectra of films supported by a rigid boundary. This gap should reduce the e-ph interaction strength 6, 7 . However, previous experimental studies have not provided a clear picture of the role of dimensionality in e-ph coupling. Early electron heating experiments found that the electron energy relaxation via phonon emission in reduced dimensions could not be described using bulk phonon theory [12] [13] [14] , suggesting that phonon dimensionality modifies the e-ph interaction. Enhanced e-ph scattering was reported in the 3D to 2D crossover regime in freestanding SiN x membranes 15 . However, similar studies using both freestanding and supported CuCr films suggested that the quantization of the phonon spectra has little effect on e-ph interaction 16 . The e-ph interaction can also be probed by magnetotransport measurements in materials exhibiting weak antilocalization (WAL)-a correction to conductivity due to the destructive interference of backscattered partial electron waves. Given that such quantum interference is sensitive to the conduction electron phase coherence, which is generally limited by inelastic electron-electron (e-e) and e-ph scattering at liquid helium temperatures 8, 17, 18 , WAL provides a measure of the e-ph scattering rate. Previous WAL studies on thermally evaporated metal wires/thin films suggested that the inelastic e-ph scattering rate is, in fact, insensitive to the phonon dimensionality [19] [20] [21] . These conflicting experimental results and their inconsistency with theoretical predictions may be associated with the nature of the polycrystalline materials used in those studies, given the e-ph interaction has been predicted to also depend on electron's mean free path [22] [23] [24] . Therefore, single-crystalline nanostructured materials, which have minimal grain boundary scattering, should be much better suited for e-ph investigations. Recent advances in micro-exfoliation techniques 1 have made it possible to produce 2D single crystals that were previously inaccessible to the community. In this work, we report the observation of the WAL signature in a new ternary 2D system-Nb 3 SiTe 6 few-layer crystals. Through the study of the thickness dependence of WAL, we have observed clear evidence for the long-predicted suppression of e-ph interactions caused by 2D confinement of phonons 6 . Nb 3 SiTe 6 was discovered two decades ago 25 but has scarcely been studied. As shown in Fig. 1a , Nb 3 SiTe 6 is a van der Waals material formed from stacks of Te-(Nb,Si)-Te sandwich layers. Each layer is composed of NbTe 6 prisms with Si ions inserted into the interstitial sites among these prisms (see detailed structure characteristics in Methods). Single crystals of Nb 3 SiTe 6 with lateral dimensions of a few millimetres (Fig. 1b, inset) were grown by chemical vapour transport. Excellent crystallinity is demonstrated by the sharp (0k0) X-ray diffraction peaks (Fig. 1b) . Consistent with the layered structure, our resistivity measurements on bulk samples along inplane (ρ ) and out-of-plane (ρ ⊥ ) directions, as shown in Fig. 1c , indicate that Nb 3 SiTe 6 is an anisotropic metal, with an anisotropic ratio ρ ⊥ /ρ increasing from 9 at 300 K to 22.5 at 2 K (Fig. 1c , top left inset). As revealed by the band structure calculations detailed in the Supplementary Information, such metallicity originates from the specific bonding state of Nb ions.
The micaceous nature of Nb 3 SiTe 6 allows it to be thinned down to atomically thin 2D crystals using micro-exfoliation 1 flakes were demonstrated by TEM observations (see Methods). We further characterized the single-crystal flakes through Raman spectra measurements, and observed noticeable red-and blueshifts caused by the decrease in thickness for 165 and 225 cm −1 modes, respectively (Fig. 1f) . Often, such Raman mode shifts reflect variations of phonon spectra with reducing dimensionality, as seen in transition metal dichalcogenides such as MoS 2 (ref. 26) .
We have fabricated Nb 3 SiTe 6 electronic nano-devices using standard electron-beam lithography. Although we are able to thin Nb 3 SiTe 6 crystals down to one unit cell, successful devices with good electrical contacts can be prepared only on flakes with thicknesses t ≥ 6 nm. Overall, we observed a systematic increase of resistivity with decreasing thickness (Fig. 2a) , which should be due to the enhanced importance of interfacial scattering in thinner samples. For relatively thick flakes (>12 nm), the temperature dependence of the resistivity is very similar to that of the bulk sample. However, when the thickness is decreased below 12 nm, marked changes emerge in the temperature dependence of the resistivity. These thinner samples develop a low-temperature upturn in the resistivity that is more pronounced with decreasing thickness. As discussed in the Supplementary Information, these resistivity upturns follow a log(T ) dependence, suggesting that they are due to 2D electron-electron interactions (EEI; refs 18,27) which become more pronounced with reducing sample thickness 18 . Other possible mechanisms accounting for the low-temperature upturn in resistivity, such as the Kondo effect 28 and weak localization 8, 17, 18 , which are associated with negative magnetoresistance (MR), can be ruled out by the observation of positive MR in all our Nb 3 SiTe 6 thin crystals (Fig. 2b,c) .
Interestingly, although thick flakes (for example, t = 30 nm and above) show a classical B 2 dependence in MR, with decreasing flake thickness, the field dependence of MR evolves to sublinear behaviour with a zero-field dip gradually developing below t = 15 nm (Fig. 2b) . Zero-field MR dips are known to originate from WAL in systems with strong spin-orbit coupling (SOC; refs 8,17,18), but they can also arise from Zeeman splitting of the EEI correction to the density of states in a disordered conductor 18, 27 . However, EEI is insensitive to low magnetic fields owing to its large characteristic fields 18 , whereas WAL is a low-field phenomenon 8, 17, 18 . Furthermore, these two mechanisms can be distinguished by measurements of the angular dependence of magnetoresistance (AMR). The EEI correction to conductance is not sensitive to the magnetic field orientation 27 , whereas WAL is 18 (see the detailed discussions in Methods). Our AMR data rules out EEI as the origin of the zero-field MR dip, but they are consistent with WAL. As seen in Fig. 2d , when the applied field is high (for example, 9 and 3 T), the rotation of the field in the x-z plane (see the inset to Fig. 2d ) leads to a cos 2 θ dependence of AMR, indicating the orbital MR (∝ B 2 z = B 2 cos 2 θ) dominates at high field. In the low-field regime, the cos 2 θ dependence disappears, indicating that classical MR can be neglected. However, in this regime, the AMR data shows a striking dip when the field is oriented parallel to the probe current, and becomes almost constant when the orientation angle of the field is beyond a critical value, as indicated by the arrows in Fig. 2d . This anisotropic AMR reflects the expected suppression of WAL by the perpendicular component of the magnetic field.
The observation of WAL in Nb 3 SiTe 6 is not surprising owing to relatively strong SOC induced by the heavy elements Nb and ρ min is the resistance minimum, which occurs when the field, B, is oriented parallel to the probe current, I (indicated by B ). The angle θ is the angle between the out-of-plane axis (z-axis) and the magnetic field vector. B ⊥ and B defines the position where field is perpendicular and parallel to the current direction, respectively. The value of the AMR at 9 T is multiplied by a factor of 0.3. The solid lines show fits of the 9 T and 3 T data to the cos 2 θ dependence. Inset: schematic of the measurement set-up. The magnetic field rotates within the x-z plane defined by the current (x-axis) and out-of-plane axis (z-axis). Table 1 | Parameters of e-e and e-ph interactions obtained from fits of the temperature dependence of τ φ −1 . Te. Although WAL should induce a small enhancement to the conductivity at zero magnetic field 8, 17, 18 , its coexistence with a resistivity upturn (Fig. 2a) can be ascribed to the coexistence of WAL and EEI, as observed in other nanostructured systems (for example, see ref. 29) . To gain further insights into the thickness-dependent evolution of WAL in Nb 3 SiTe 6 thin-flake crystals, we have fitted the magnetotransport data using the Hikami-Larkin-Nagaoka (HLN) model 17, 30 ( Fig. 3a) and extracted the characteristic quantum coherence and SOC fields, B φ and B SO , respectively (Fig. 3b) . At T = 2 K, with increasing sample thickness from 6 to 15 nm, B SO shows a very weak thickness dependence, whereas the value of B φ almost doubles (Fig. 3b) , indicating that the enhanced WAL signature in thin flakes is associated with better quantum coherence. This trend is best presented in terms of the dephasing time τ φ , which has a more straightforward physical interpretation-it is the timescale over which the electron phase coherence is maintained. The dephasing time can be obtained from B φ via Dτ φ =h/(4eB φ ) (refs 8,17,18) , where D is the diffusion constant, which can be estimated from conductivity and density of states measurements (see further discussions in Methods). As shown in Fig. 3c , the dephasing rate τ φ −1 increases by an order of magnitude with increasing thickness from 6 to 15 nm. The dephasing is expected to be stronger in even thicker flakes (for example, t = 30 nm), in which the WAL signature disappears (Fig. 2b) . Generally, quantum coherence at low temperatures can be limited by a variety of inelastic scattering processes. Each of these processes contributes to phase decoherence, and the total dephasing rate can be approximated by the sum of the individual dephasing rates 8 . From the analyses shown below, we contend that the primary origin of the observed reduction in τ φ −1 with decreasing flake thickness is the quantum confinement suppression of the inelastic e-ph scattering. The other primary scattering channels-such as e-e, electron impurity and interfacial scattering-should all increase in dephasing rate with decreasing sample thickness 31, 32 . Therefore, the fact that the total dephasing rate is suppressed as the system is brought closer to the 2D limit suggests that electron dephasing in our system is dominated by e-ph scattering.
The variation of e-ph interactions with sample thickness can be more fully investigated by measuring the temperature dependence of τ φ −1 . Although e-e scattering dominates the dephasing process at sub-kelvin temperatures, the contribution from e-ph interactions at a few kelvin is significant 8, 17 and is clearly reflected in the temperature dependence of τ φ −1 (for example, see ref. 8 and references therein). As shown in Fig. 4d, τ 8 . The fittings of τ φ −1 (T ) yield P e ∼1 for all samples (see Table 1 ), consistent with the prediction of the localization theory 8 . The value of P ph decreases sharply from 3.63 for the 8 nm device to 2.13 for the 15 nm device. Although further theoretical work is needed to understand the underlying physics of these exponent values, the sharp changes of P ph suggest the variation of e-ph interactions with the flake thickness. More importantly, the weight of e-ph interactions (that is, the prefactor B) is reduced by almost three orders of magnitude in the 8 nm sample as compared with the 15 nm flake.
In lower dimensions, e-ph interactions can be modified by quantum confinement effects on the electronic band structure, as well as the phonon spectrum itself. As discussed in the Supplementary Information, the reduction of thickness leads to significant electronic band narrowing in a monolayer, which can, in principle, suppress e-ph interactions 33 . However, our band structure calculations did not show significant band narrowing in bilayer (t = 1.4 nm) and thicker flakes. Therefore, the suppression of e-ph scattering in our samples cannot be attributed to 2D confinement on the electronic band structure. Instead, confinement should play a much more important role in its modification of the phonon spectrum, which in turn affects e-ph interactions. It has been proposed for decades that the 2D quantum confinement leads to enhanced e-ph interactions in free-standing films 3, 4, 6 , but suppresses e-ph interactions in 'supported' 2D systems with constrained boundaries 6, 7 . Indeed, as we show in the Supplementary Information, the phonon wavelength estimated from both the experiments and ab initio calculations is ∼80-100 nm at 2 K, which is much larger than the thickness of those devices exhibiting an enhanced WAL. This implies that the phonon spectrum develops a 2D character in our thin crystals.
The modification of e-ph interactions due to phonon dimensionality confinement has never been observed in WAL measurements [19] [20] [21] . Electron heating measurements have given mixed results as noted above. A major concern has been that the substrate modifies the phonon spectrum in ways that make the experimental results difficult to interpret 8, 17 . However, both WAL (ref. 21 ) and electron heating 16 measurements have found that the temperature dependence of the e-ph scattering rate shows no marked difference between suspended and supported films, implying that substrate-film phonon coupling will not preclude the observation of phonon dimension crossover. We note all these previous studies were made on polycrystalline films, in which the e-ph interactions may be greatly affected by the limited mean free path [22] [23] [24] owing to significant grain boundary scattering. In contrast, our single-crystal nanoflakes should have minimal boundary scattering, resulting in the successful observation of enhanced electron coherence due to phonon dimension crossover. This highlights the advantage of using crystallized 2D materials to study electron transport in reduced dimensions.
Methods
Methods and any associated references are available in the online version of the paper.
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Methods
Bulk sample preparation and characterization. The Nb 3 SiTe 6 bulk single crystals were synthesized with a stoichiometric mixture of starting elements using chemical vapour transport. During growth the temperature was set at 950 • C and 850 • C, respectively, for the hot and cold ends of the double zone tube furnace. Sheet-like single crystals with metal lustre (see inset of Fig. 1b) can be obtained at the cold zone after two weeks' growth.
The composition and structure of these single crystals were checked using energy-dispersive X-ray spectroscopy and X-ray diffraction measurements. The structure of Nb 3 SiTe 6 is similar to that of transition metal dichalcogenides MX 2 (for example, MoS 2 ); both are formed from stacks of sandwich layers, with comparable van der Waals gaps. In MX 2 , each X-M-X sandwich layer is composed of edge-sharing trigonal MX 6 prisms ( Supplementary Fig. 1c,d) , whereas the Te-(Nb,Si)-Te sandwich layer of Nb 3 SiTe 6 consists of face-and edge-sharing NbTe 6 prisms, with Si ions inserting into interstitial sites among these prisms ( Supplementary Fig. 1a,b) . Nanoflake preparation and characterization. To avoid any possible secondary phase in our single crystals, in addition to the careful characterization of bulk single crystals, we have used energy-dispersive X-ray spectroscopy to check tiny pieces of single crystal on the Scotch tapes used for exfoliation. The exfoliated Nb 3 SiTe 6 thin-flake crystals were characterized using Raman spectra measurements and transmission electron microscope (TEM) observations. Compared with MX 2 , which exhibits only E 2g 1 and A 1g phonon modes 26 , Nb 3 SiTe 6 exhibits a greater number of Raman modes ( Supplementary Fig. 2a ), which may be attributed to its relatively complex lattice structure. Unfortunately, we were unable to identify these Raman modes owing to the lack of theoretical studies of those phonon spectra. However, we observed noticeable red-and blueshifts caused by decreasing flake thickness for the 165 and 225 cm −1 modes, respectively (Fig. 1f) . The phase and quality of Nb 3 SiTe 6 thin-flake crystals can be demonstrated by TEM observations. As shown in Supplementary Fig. 2b , all the [010]-zone electron diffraction spots can be indexed according to the crystal structure of Nb 3 SiTe 6 , consistent with excellent crystallinity. Moreover, the atomic resolution image shows no visible amorphous structure (Supplementary Fig. 2c ) even after a few weeks' exposure to ambient environment, confirming the stability of the few-layer Nb 3 SiTe 6 .
The Nb 3 SiTe 6 nano-devices were fabricated on freshly cleaved single-crystal flakes using standard electron-beam lithography. Electrical contacts [Ti (5 nm)/Au (50 nm)] were thermally deposited on top of thin-flake crystals using the conventional lift-off technique. The device was then annealed at 200 • C in a vacuum tube furnace for 2 h to remove resist residue and reduce the contact resistance. The transport measurements for both bulk and nano crystals were performed in a physical properties measurement system (PPMS).
Distinguishing between WAL and EEI contribution to MR. The low-temperature resistivity upturns for all thin flakes follow a logarithmic temperature dependence, with some deviation for the thinnest (6 nm) sample ( Supplementary Fig. 5 ). The log(T ) dependence is a signature of 2D EEI or WL (refs 18,27) , whereas the latter scenario can be excluded by the observation of positive MR (Fig. 2b,c) . Indeed, the effect of EEI is expected to be more pronounced with reduced sample thickness 18, 29 . The deviation from the log(T ) dependence seen in the thinnest (6 nm) samples may be associated with the additional scattering mechanism (that is, interfacial scattering). 2D WAL also results in a log(T ) dependence with opposite sign 18 . It is not surprising to observe EEI (leading to resistively upturns) and WAL (leading to reduced resistivity) in the same system given their different origin 17, 18 . In fact, the coexistence of these two quantum phenomena has been observed in many other nanostructured systems 29, 34 . Note that Kondo physics, another possible cause of a logarithmic correction to the resistivity at low temperatures, is eliminated as a contribution in this case because it would manifest as a striking deviation (one that we do not observe) in the expected temperature and field dependence of the WAL.
On the other hand, although both WAL (refs 8,17) and EEI (refs 18,27 ) have been suggested to share similar field dependences of MR-logarithmic and quadratic field dependences for strong and weak fields, respectively-their characteristic fields are distinct. The characteristic field of EEI, that is, B EEI ∼ k B T /g µ B (where g is the Landau factor), is usually very large and can be reached only at very low temperatures (for example, B EEI ∼ 7.4-1.6 T at T = 2 K if g is taken as 0.4-1.8 for Nb (refs 35,36) ). However, the characteristic field of WAL, that is, B φ ∼ hc/2el φ , is much weaker than that of EEI in a similar temperature range (for example, B φ ∼ 0.01-0.1 T at 2 K for Nb 3 SiTe 6 flakes (see Fig. 3b) ). As B φ B EEI , the MR of Nb 3 SiTe 6 is expected to show a rapid increase in the low-field range if WAL applies, which is consistent with our observations (Fig. 2b,c) . Furthermore, given that WAL originates from quantum interference between a pair of time-reversed closed-loop backscattering electrons, a perpendicular magnetic field flux causes an additional phase for electron waves and consequently suppresses quantum interference 8, 17, 18 . Therefore, WAL is extremely sensitive to magnetic field orientation. In contrast, EEI-induced MR is insensitive to field orientation 27, 37 . Therefore, despite the resistivity upturn at zero magnetic field suggesting the presence of EEI, as discussed above, our observation of anisotropic MR at low field (Fig. 2d) 
for a non-interacting system. For bulk Nb 3 SiTe 6 , γ extracted from the specific heat measurements is 9.7 mJ mol −1 K −2 ( Supplementary Fig. 8b ), or 6.5 × 10 −5 J cm −3 K −2 when normalized to volume. This value yields the DOS(E F ) as 1.6 × 10 22 eV −1 cm −3 , consistent with the value 1.9 × 10 22 eV −1 cm −3 obtained from our density functional calculations. When the thickness of the sample is decreased to be comparable to the Fermi wavelength (∼0.34 nm), the significant modification of the electronic band structure (for example, see monolayer band structure in Supplementary Fig. 3c ) changes the DOS(E F ). However, such band structure modifications become much weaker in a bilayer sample (t = 1.4 nm) and are negligible in our t = 6-15 nm samples. Furthermore, EEI also leads to a reduction of DOS(E F ; ref. 18 ) and causes a resistivity upturn (Supplementary Fig. 5) . However, such DOS(E F ) corrections should be small in 8, 10 and 15 nm flakes given their tiny (less than a few percent) resistivity upturns, suggesting that DOS(E F ) should remain roughly constant in these samples.
The diffusion constant D at T = 2 K obtained from the Einstein relation varies by 500% with increasing thickness from 6 to 15 nm ( Supplementary Fig. 7 ). Such a significant variation apparently cannot be understood in terms of EEI corrections to the density of states (even for the 6 nm flake EEI leads to only a 16% resistivity upturn), but should be due to the stronger effect of interfacial scattering in thinner flakes. Although the diffusion constant can affect WAL through its impact on the coherence length [l 2 φ = Dτ φ =h/(4eB φ )], the reduced D in thinner flakes causes reduced l φ (that is, enhanced B φ ) and thus is not in favour of the observed WAL enhancement. Therefore, the observation of reduced B φ (enhanced l φ ) in thinner flakes is due to the remarkably reduced dephasing rate τ φ −1 , which compensates the reduced D, as shown in Fig. 3c .
Evaluation of phonon dimensionality. The dimensionality of phonons in thin
flakes is determined by the characteristic length of the lattice vibrations (that is, the phonon wavelength λ p ). 2D quantum confinement effects are expected to occur when λ p along the direction perpendicular to the plane is much greater than the sample thickness. When T is much less than the Debye temperature Θ D , the phonon wavelength can be estimated as λ p ∼ hv s /k B T , where v s is the speed of sound in the sample 38 . The value of v s , although not yet experimentally determined, can be estimated using Θ D , given that Θ D corresponds to the minimum wavelength of the phonon (λ min ∼ hv s /k B Θ D ), which should be equivalent to the lattice parameter.
The Debye temperature Θ D can be obtained from the specific heat measurements on the Nb 3 SiTe 6 bulk single crystal. The specific heat C of Nb 3 SiTe 6 consists of electronic and phonon contributions. The electronic specific heat can be simply represented by γ T in non-magnetic Nb 3 SiTe 6 , whereas the phonon specific heat can be written as (12/5)π 4 NR (T /Θ D ) 3 = βT 3 (when normalized to the molar specific heat) at sufficiently low temperatures (T Θ D ), where N is the number of atoms in the formula and R is the gas constant. The low-temperature specific heat of Nb 3 SiTe 6 can be fitted well to C = γ T + βT 3 , with γ ∼ 9.70 mJ mol −1 K −2 and β ∼ 2.02 mJ mol −1 K −4 ( Supplementary Fig. 8b ), yielding the Debye temperature Θ D ∼ 213 K. Given that the lattice parameter is of the order of 1 nm, the speed of sound is estimated to be ∼4.8 km s −1 from λ min ∼ hv s /k B Θ D ∼ 1 nm, consistent with the sound speed of typical metals (∼ a few km s −1 ). The phonon wavelength at 2 K can be further estimated from hv s /k B T ∼ 100 nm, comparable to values obtained from ab initio calculations (see Supplementary Information). Such a value is much greater than the thickness of the Nb 3 SiTe 6 thin flakes used in the magnetoresistance measurements (≤15 nm), indicating the 2D nature of the phonons in those Nb 3 SiTe 6 thin flakes.
